Mass spectrometry imaging has been used here to suggest that changes in membrane structure drive lipid domain formation in mating single-cell organisms. Chemical studies of lipid bilayers in both living and model systems have revealed that chemical composition is coupled to localized membrane structure. However, it is not clear if the lipids that compose the membrane actively modify membrane structure or if structural changes cause heterogeneity in the surface chemistry of the lipid bilayer. We report that timeof-flight secondary ion mass spectrometry images of mating Tetrahymena thermophila acquired at various stages during mating demonstrate that lipid domain formation, identified as a decrease in the lamellar lipid phosphatidylcholine, follows rather than precedes structural changes in the membrane. Domains are formed in response to structural changes that occur during cellto-cell conjugation. This observation has wide implications in all membrane processes.
D
uring cellular function, the structure and the chemical composition of the cell membrane is continuously being modified via dynamic fusion and fission events with internal organelles (1) . The highly complex lipid composition of membranes plays a significant role in cell function by the construction of membrane features (2, 3) such as pores and lipid domains (4-7). It is not surprising that abnormalities in lipid composition and membrane function have been implicated in a myriad of disorders, ranging from neurological to cardiovascular (8) (9) (10) (11) (12) . Furthermore, an understanding of specialized membrane features and disease suggests a unique prospect for therapies that directly target lipid molecules and lipid domains (12) .
The Tetrahymena model of membrane fusion is ideal to study temporal changes in lipid dynamics related to lipid composition. Complementary mating Tetrahymena fuse and then form hundreds of membrane pores between two mating cells. The pores expand, forming a membrane lattice with wide apertures, allowing cells to exchange gametic nuclei (13) . The pores, 100-200 nm in diameter, require a curved localized membrane structure, which energetically favors certain lipids, excluding others (4) . The mating process and pore formation can be synchronized such that the majority of the cells will be at the same mating step. Because the domain observed during mating forms without external manipulation, it is possible to determine whether changes in composition precede or follow changes in structure.
Mass spectrometry imaging has been used to observe lipid domains in conjugated single-cell organisms during mating (4) . This discovery confirmed that the local composition of the plasma membrane of living cells is intimately related to its localized structure but raised the important question: Does the membrane lipid composition drive its structure or does the structure determine the membrane lipid composition? This is essentially a classic "chicken or the egg?" scenario. One possibility is that the membranes of these cells alter their lipid distribution and possibly their composition prior to fusion, thus anticipating the fusion event. The implication is that the lipid domains may help to drive fusion. Indeed, membrane fusion in Tetrahymena thermophila mating is dependent upon both lipid (14) and protein (15) synthesis. Conformational changes called tip transformation, which occur prior to fusion during a period called costimulation, have also been observed at the anterior end of the cells where fusion will eventually take place (15) . The motivation to examine these cells at different stages of mating by using mass spectrometry imaging was primed by these findings. The alternate possibility is that the local composition changes to minimize the energy of the bending membrane.
Two scenarios for the process by which lipid domains are formed are depicted in Fig. 1 . In this model, we use lysolipids of uncertain headgroup and hexagonal II (H II) lipids to displace the cylindrical lipids, resulting in the observed lipid domain, which either precedes or follows pore formation. The bottom pathway represents domain formation preceding and preparing for membrane fusion. The upper pathway represents domains that are formed in response to the structural changes, fusion, and pore formation. Determining when the local composition changes relative to the fusion event could rectify this difference. In this paper, mating Tetrahymena were examined with mass spectrometry imaging to determine if membrane fusion during the mating process creates lipid domains or if the cells have some mechanism, by anticipation of pore formation, to preform lipid domains.
Results
Lipid Domain Formation Correlates with Pore Formation. To investigate when the lipid domain forms relative to fusion, we used timeof-flight secondary ion mass spectrometry (TOF-SIMS) imaging. We have previously established TOF-SIMS imaging with freeze fracture sample preparation as a method to track lipid domain formation (4) . Furthermore, images of the phosphocholine (PC) ion (m∕z 184), indicative of the lamellar lipids phosphatidylcholine and sphingomyelin, serve as a diagnostic tool to identify Tetrahymena mating domains; the PC signal decreases in the area where the two cells have fused (4) . This is the only technique currently known to provide the chemical specificity and submicron lateral resolution required to directly visualize such domains (4, 16) . In TOF-SIMS the secondary ions are accelerated into a TOF mass spectrometer, separating them by their mass-to-charge ratio and detecting them. An image is constructed by collecting mass spectra as a function of the position of the primary ion beam as it is raster-scanned across the surface. A mass spectrum is collected at each pixel, spatially revealing the chemical composition of the surface.
In order to establish the link between changes in structure and lipid composition in mated T. thermophila, it was important to identify the point at which stable pores had been formed between the two cells. Cell pairs can be described as being either strongly or weakly paired. The distinction is that strongly paired resist separation, which can be brought about by physical perturbation or the addition of exogenous agents to the media (15, 17, 18) . This resistance to separation is taken to be evidence for the formation of stable pores (19) . Here we use a physical perturbation called trituration to discriminate strongly and weakly paired cells (18) so the pairs known to have formed stable pores could be imaged by using TOF-SIMS.
A differential interference contrast image of paired cells is shown in Fig 2A, (m∕z 69), a hydrocarbon fragment ubiquitous to the acyl chains found in phospholipids (4, 20, 21) . This chemical image shows that the membranes of the two cell are in contact because the signal is continuous through the junction. In fact, the membranes are fused, as evidenced by the cells' resistance to separation following trituration. The ion image also serves as an internal standard, which is used to compare ion signals from other molecules from the membrane surface (4, 20, 21) . The C 5 H þ 9 signal is consistent throughout the junction, and thus fluctuations in the lipid signal were taken to reflect changes in concentration across the membrane surface. The image in Fig. 2C maps the surface concentration of PC. The most dramatic feature in this image is the lack of signal in the junction of the two cells. This is the previously reported lipid domain (4); however, here by using trituration we have confirmed that pores have formed between the two cells and that they coexist with the lipid domain. The SIMS image in Fig. 2D maps m∕z 126 the headgroup a diagnostic ion used to identify 2-aminoethylyphosphonolipid (2-AEP) (4). This nonlamellar lipid does not decrease in the junction region like the PC ion. To the contrary, the 2-AEP signal appears more intense in the region lacking the lamellar lipids. Mass spectra taken from two regions of interest, the cell-cell junction and the cell bodies, are shown in Fig. 2E . The spectra show the average intensity of the pixels in the regions selected. The spectra show that the PC signal does not appear in the junction, whereas it does in the cell bodies, and that the 2-AEP appears in both regions. Trituration has been used here to isolate paired cells with pores, but it cannot be used to directly isolate weakly paired cells with no pores, because the procedure separates these cells. To investigate weakly paired cells, mating Tetrahymena had to be analyzed under quiescent conditions.
Trituration Determines Time Scale for Strong Pair Formation. Mating in Tetrahymena lasts several hours and can be synchronized such that the total population of cells will advance through the process at roughly the same rate. In an attempt to understand the dynamics of the membrane pores formed during mating, Tetrahymena biologists have put together the following sequence: (i) starved cells, (ii) costimulation (0-30 min for fastest cells) with resulting "tip transformation," (iii) loose pairing (30-60 min for fastest cells) with easy disruption by refeeding, agitation, etc., and (iv) tight pairing (60 min for fastest cells) with acquisition of resistance to separation by refeeding, agitation, etc. (15, (22) (23) (24) . When serial sections of loose pairs are examined by electron microscopy, there are no pores connecting loose pairs, only broad flattened surfaces with uniform distance between the two cells. Once tight pairs appear (>1 h), then pores appear. This established sequence and response to agitation was applied to the strains of T. thermophila used in this study (B and CU428.1) to experimentally choose time points for analysis that would correspond to cells that were either weakly or strongly paired.
To determine the time scale of domain formation, rapid freezing was used to arrest the mating process, followed by TOF-SIMS analysis. Cells will initiate pairing only in the presence of complementary mating types; hence we define time zero as the point when the two cell types are mixed. This time point corresponds to the start of the costimulation stage mentioned above. The time scale for pair formation vs. pore formation was determined so that aliquots of weakly paired cells could be extracted, frozen, freeze fractured, and analyzed. Cells were frozen for analysis at several time points and the lipids in the membrane measured and correlated to pair formation and ultimately membrane fusion. Cells were examined at 1 (weakly paired cells), 2 (weak/ strong pair intermediates), and 3 h (strongly paired cells). This examination was done by tracking the number of cells that pair under quiescent conditions to the number of cells that stay paired following trituration (Fig. 3) . Most cell pairs were formed during the initial hour of mating. These pairs were determined to be weakly paired because at the same time point under trituration conditions no pairs were observed. The transition from weakly paired to mated cells occurred from 90 to 150 min with 50% mated at 120 min following the initiation of the experiment. The plot obtained from the trituration experiment was used to determine the time points when aliquots of the suspension of mating cells would be extracted and frozen. SIMS experiments were then carried out at these time points on cells that had not been triturated.
Domains Form After Strong Pairing. Initial studies with TOF-SIMS imaging of mating Tetrahymena were carried out on fully mated cells, demonstrating lipid domains. In that work, cells were analyzed later in the process (several hours) and exhibited distinct lipid domains (4) . In this work, mass spectrometry imaging shows that weakly paired cells do not display lipid domains. In addition, no lipid heterogeneity was observed in single cells after the stimulation of mating when imaged with TOF-SIMS whether cells were triturated or quiescent. In the first step following formation of cell pairs (1 h), all the weak pairs analyzed, with the exception of one, did not display a lipid domain in the TOF-SIMS images.
Four different cell pairs are imaged in Fig. 4 with the top panels ( Fig. 4A-D) showing the total ion images, which show the intensity of all the ions measured at the surface from m∕z 0-500 for reference. These data show variation in signal intensity across the surface. This variation may reflect signal fluctuations on the basis of both topography and the local chemical matrix. Normalization of the signal of interest to the total ion signal accounts for these factors so that the signal more accurately represents chemical concentration (25) (26) (27) . A representative cell pair imaged at 1 h is shown in the first column of Fig. 4 . Below the total ion images are raw ion images of PC (m∕184) in Fig. 4E and the ubiquitous hydrocarbon fragment C 5 H 9 (m∕z 69) in Fig. 4I . Each of these images has a line drawn across the cell junction corresponding to the line scans in Fig. 4M (details concerning line scans are in SI Text). Image pixel intensity was averaged and plotted against distance across each cell and the cell-to-cell junction to provide line scans of relative signal intensity. This method was previously used to identify and measure lipid domains in these cells by Ostrowski et al. (4) . At the 1-h time point, the images and the line scans show that there is no decrease in either PC or C 5 H 9 signal in the cell junction. To account for topography and matrix effects, the PC signal was normalized to the signal from the total ion (Fig. 4Q) . The lack of variation in intensity (line scans of normalized images are also provided in SI Text) supports the conclusion drawn from the raw line-scan analysis-lipid domains are not present in junctions of weakly paired mated Tetrahymena. By using the method previously described, the average magnitude of the signal decrease in the cell junction was calculated to be 9 AE 9%. This value is significantly lower than the reported value of 67 AE 8% for cells which had been analyzed 4 h after the initiation of costimulation (4) . Furthermore, only one of the cells analyzed at this time point displayed a trough at the junction in the line scan that resembled the line scans shown in the work done by Ostrowski et al. However, the magnitude of the decrease was lower (21 AE 5%) than the lowest value previously reported of 44 AE 6% (4). The observation of a relatively small lipid domain in a cell at 1 h suggests that this particular cell pair was advancing through the process relatively quickly compared to the rest of the population, as it was stated above that the fastest cells form strong pairs at 60 min. Weakly paired cells are known to be disrupted following treatment with concavolin A, a plant lectin with affinity for glycoproteins on the cell surface (18) , suggesting that this initial pairing is dictated by a protein interaction before pores are formed.
The second column of Fig. 4 shows the same analyses for one cell pair imaged at 2 h following the initiation of costimulation. The raw PC (Fig. 4F ) and C 5 H 9 (Fig. 4J ) and the accompanying line scans (Fig. 4N) show that this cell pair lacks a discreet signal decrease at the junction of either PC or C 5 H 9 . Normalization of the PC signal to the total ion signal (Fig. 4R) confirms this result by showing a homogenous distribution of PC signal across both cells.
A different cell pair analyzed at 2 h exhibiting a lipid domain is shown in the third column of Fig. 4 . The ion image for PC (Fig. 4G) shows a drop in intensity at the junction, whereas the C 5 H 9 image (Fig. 4K) shows a consistent signal across the junction. The line scans for these images (Fig. 4O ) reveal a trough in the PC signal at the junction and a gradual increase in C 5 H 9 signal across the cells, but clearly lacking a trough. The normalized PC image (Fig. 4S ) corrects for the signal increase across the cells and again shows the signal decrease in the junction region. Line-scan analysis of the images collected at 2 h yielded an average PC signal decrease of 28 AE 16%, and the average decrease in the line scans displaying domains manifested as troughs (n ¼ 6) was 38 AE 15%. This observation illustrates two points. First, during the intermediate time point of 2 h there appear to be two populations of cells, one with domains and one without. Second,
the PC depletion in cells that exhibit domains at this intermediate stage is not yet to the level of the cells observed at 4 h (4).
The forth column of Fig. 4 contains the analysis of a cell pair 3 h following the initiation of costimulation. The PC ion image (Fig. 4H) shows a decrease in PC signal at the cell junction, and the C 5 H 9 image (Fig. 4L) shows a less dramatic decrease in signal. This result is also apparent in the line scan (Fig. 4P) . Normalizing the PC signal to the total signal (Fig. 4T ) has a marked effect on the intensity of the leftmost cell; however, the intensity at the junction is still decreased relative to both cell bodies. The average signal decrease calculated by using the signal intensities from the line scan was 68 AE 15%, in excellent agreement with the previously reported value (4).
Interestingly, the lipid concentration appears to show domain structure across the central surface of these cells as observed in the images. Although this might be extremely exciting, these (Fig. 4Q-T) show that normalization to total counts is a useful approach to use SIMS imaging to investigate concentrations of surface molecules. Normalization of signals from the region of interest (see SI Text for details), however, did not significantly alter the results obtained by using the line-scan method used by Ostrowski et al. (4) . Thus the conclusions made are supported by both methods of data analysis. The normalized region of interest analysis of the PC molecular fragment ion for the three regions of the paired cells is shown in Table 1 . The PC intensities were normalized to the number of pixels in the region and to the total ion counts per pixel. Table 1 shows that the amount of PC in the junction of mated Tetrahymena significantly decreases as cells are mated for longer times (one-way ANOVA, p < 0.01). We hypothesize that the evolution of the observed lipid domain depends on changes in the superstructure of the membrane at the cell-cell junction, i.e., pore formation, which require nonlamellar lipids for stability. Additionally, it has been proposed that following initial formation, pores broaden and form a mesh of lipid microtubules (24) . By assuming this mechanism for domain formation, Table 1 also suggests that the rate of the structural changes increases over time. Table 1 shows that between 1 and 2 h PC decreases by 22% from 7% to 29% and then by another 40% between 2 and 3 h. The observed increase in the rate of this loss might be because of membrane reorganization caused by the initial events making the membranes more amenable to fusion. Domain Formation Correlates to Trituration Resistance. We examined the correlation between lipid domain formation and the strength of cell pairing (response to trituration). Cell pairs that did not display a significant trough in the line scan (less than 20% signal decrease in the junction) were defined as not containing lipid domains. The percent of cells displaying domains at each time point is compared to the percent of cells resisting trituration in Fig 5. The pairs analyzed that did not show lipid domains were all from either the 1 or the 2-h time point. Indeed, one-third of the pairs analyzed at the intermediate time of 2 h did not display lipid domains. The appearance of lipid domains correlated well to the resistance of pairs to separate following trituration. Apparently the formation of lipid domains in the cell pairs identifies the threshold from which cell mating cannot be easily disrupted. (25) PC intensities across mating T. thermophila from three regions of interest. Errors are in SD.
Time (h)
Cell body I Junction Cell body II Percent decrease 1 (n ¼ 6) 9.9 × 10 −3 AE 6.7 × 10 −3 9.2 × 10 −3 AE 0.67 × 10 −3 10.2 × 10 −3 AE 8.1 × 10 −3 7% ± 15 2 (n ¼ 9)
14 × 10 −3 AE 2.7 × 10 −3 9.7 × 10 −3 AE 4.2 × 10 −3 14 × 10 −3 AE 3.9 × 10 −3 29% ± 27 3 (n ¼ 4) 8.6 × 10 −3 AE 7.8 × 10 −3 2.7 × 10 −3 AE 2.5 × 10 −3 9.3 × 10 −3 AE 6.7 × 10 −3 69% ± 10
Discussion
Membrane pore formation involves significant bending of local membrane structure. During bending, the redistribution of lipid composition has been studied with model membrane systems. Homogenous, flat lipid monolayers were shown to form regions with heterogeneous lipid composition when bent, with the nonlamellar lipid concentrated in the areas of highest curvature (28) . Additionally, phase separation of lipids can be induced by constructing a lipid bilayer on a curved surface (29) . These phenomena are described by the theory of intrinsic curvature, which states that lipid shape contributes to the spontaneous curvature of the membrane (30) . In live cell experiments, degranulation of mast cells was inhibited when the contacting monolayers, i.e., the outer leaflet of the vesicle and the inner leaflet of the plasma membrane, were treated with lysophosphatidylcholine, a micelle-forming lipid (positive intrinsic curvature) (31) . In contrast, incubation of isolated chromaffin granules with arachidonic acid (negative intrinsic curvature) promotes fusion (32). Amatore et al. recently showed that these lipids could each produce the opposite effect when added to the extracellular media (the noncontact side of the fusing membranes) of chromaffin cells undergoing exocytosis (33) . In a similar experiment PC12 cells were incubated with dipalmitoylphosphatidylcholine, a lamellar lipid (close to no intrinsic curvature), resulting in a decrease in the rate of exocytosis (34) . In summary, experiments with model systems show that physical manipulation can be used to redistribute membrane composition, and cell experiments show that altering composition can regulate the dynamics of the fusion event. These results offer conflicting hypotheses; alteration of local lipid composition may be the cause or effect of altered membrane structure. These studies unequivocally show the importance of nonlamellar lipids in forming high curvature regions and fusion of lipid membranes. Lipid domains observed across the highly curved junction membranes in mated Tetrahymena are not observed in single cells prior to mating nor are they observed in significant numbers in weakly paired cells at early times. Hence, the hypothesis that lipid domain formation precedes strong pairing of cells is excluded. Moreover, domains do not form until the cells have become strongly paired. In the sequence of events during Tetrahymena mating, the formation of loose to tight pairs of cells occurs between 30 and over 60 min, which correlates to physical changes in the membrane including a change from a flat membrane interface to the formation of pores connecting the cells (15, (22) (23) (24) . The two SIMS data points shown here at 2 and 3 h correspond with pore-possessing cells and have PC redistribution. The 1-h SIMS point should consist of loosely paired, poreless cells, and according to the model there should be no PC redistribution, as we generally observe. Thus, PC redistribution occurs in the time frame of pore formation, which suggests that the two events are interrelated. Presumably, the PC concentration decreases to make the spontaneous curvature of the contacting layers negative, but this is not a precondition for fusion. It has been shown that the fusion protein synaptotagmin can induce membrane curvature (35); a similar mechanism could be at work here. Protein-induced membrane deformation and pore formation may alter the local membrane composition. As the pores develop and increase in number, more high curvature lipid is recruited to the junction displacing PC. This increase in high curvature lipid produces the observed time-dependent decrease in PC at the junction. Therefore, mass spectrometry images of mating Tetrahymena suggest that pore formation drives the formation of lipid domains. Thus, the physical structure, in this case high membrane curvature, needed to support a function dictates composition at this level.
The mechanism by which the cellular machinery constructs highly curved membrane structures is highly important, as dynamic membrane processes are ubiquitous in cell biology. The composition of the cell membrane is continuously being modified via fusion and fission events. Our results suggest that function and structure dictate membrane composition rather than a mechanism where composition is altered in anticipation of function. This membrane composition is clearly important in determining cellular regulating factors, and recent observations have shown that incubation with lipids can alter the rate of chemical release via exocytosis (34, 35) . If, indeed, structure dictates the chemical composition of membranes, then it is convenient to speculate that membrane fusion events during exocytosis result in a subsequent change in local membrane composition. The different composition could change further dynamic events by facilitation or inhibition, which in turn would lead to plasticity in the process, could serve numerous functions in the cell, and might be part of the basis of short-term memory.
Material and Methods
Mating Tetrahymena. T. thermophila strains B and CU428.1 were maintained at room temperature in 0.5% proteose peptone/0.5% tryptone/0.02% K 2 HPO 4 /0. 01% crude soybean lecithin/0.025% Fe-EDTA and grown at 30°C in 2% proteose peptone/0.2% yeast extract/0.5% dextrose/0.01% crude soybean lecithin/0.025% Fe-EDTA. Starvation was induced by centrifugation at 200 × g for 4 min, washing with 10 mM Hepes adjusted to pH 7.3 with NaOH. The cells were then resuspended in Hepes at 30°C and shaken. Cell densities were obtained by microscopic examination of samples fixed and diluted in phosphate-buffered formalin. Cells starved for 16-20 h were mixed to yield a 1∶1 ratio of the two strains at a density of approximately 10 6 cells∕mL. Aliquots of 2 mL were distributed to wells of Falcon 353046 6-well plates maintained at 30°C.
Trituration. One milliliter of cell suspension was removed from a 2-mL mating mix with a 1000-μL Eppendorf micropipet and transferred to an empty well in a 6-well plate. The cells were drawn in and out of the pipet 5 times to disrupt weak pairs and then returned to the well. The result is two wells containing 1 mL of cell suspension, one that has been triturated and one that has not. One milliliter of 2.4% glutaraldehyde in 0.2 M sodium phosphate buffer, pH 7.0, was then added to both the triturated and undisturbed mating mixes.
Cell Counting. Cells were counted at several time points over a 4-h period during mating: 0 min, 30 min, then every 15 min until 210 min, and 240 min. Aliquots were taken from the mating cell suspension and fixed in a formalin solution to terminate the Three time points were investigated: 60 (n ¼ 6), 120 (n ¼ 9), and 180 min (n ¼ 4). Domains were defined as a decrease in phosphocholine at the junction between cells (4) . Line scans of PC intensity were used to measure this decrease. The appearance of a trough was used to determine that a pair had formed a lipid domain. mating process. Aliquots were taken twice for each time step. One aliquot was triturated whereas the control cells were left undisturbed until fixation. Single and paired cells were counted and the percent of cells paired was determined. A minimum of 300 fixed cells was examined as described by Van Bell and Williams (17) . The percent of paired cells resistant to trituration was determined by dividing the percent of paired control cells by the percent of paired cells following trituration.
SIMS Imaging. Cells were prepared for analysis in vacuum by using a freeze fracture procedure for SIMS imaging described previously (36) . Cells were imaged at three time points; 1, 2, and 3 h following mixing of the two mating types. SIMS imaging was carried out by using a Kratos Prism TOF-SIMS spectrometer equipped with a 15-kV FEI indium liquid metal ion source, was focused to a beam size of approximately 500 nm, and delivered 1 nA of current to the sample at 45°with 50-ns unbunched pulses at a repetition rate of 1.5 kHz. The sample was mounted onto a LN 2 -cooled analysis stage (Kore Tech. Ltd.). The mass resolution for these experiments was m∕Δm 500 (detail provided in SI Text).
SIMS imaging was performed by electrostatically raster-scanning the primary ion beam across the sample and collecting a mass spectrum at every pixel in either the 128 × 128 pixel image in a 102 × 138 μm field of view or 256 × 256 in the 146 × 197 μm field of view. Molecular ion images were generated by selecting a mass of interest from the total ion mass spectrum and plotting the intensity at each pixel. Image processing, including normalization to the total ion signal, a two-dimensional smooth, and signal thresholding, was done in MATLAB (MathWorks, Inc.).
